Flow control experiments were performed using nanosecond dielectric-barrier-discharge plasma actuators on a NACA 0015 airfoil with flow approaching from the geometric trailing-edge side, which is a condition anticipated to occur on the retreating blade side of advanced helicopters such as slowed-rotor compound rotorcraft. This symmetric airfoil, which is not typical of those used in rotorcraft blades, was used for simplification of an otherwise very complex problem. The Reynolds number based on the chord length was fixed at 0.50 · 10 6 , corresponding to a freestream flow of approximately 38 m∕s. An angle of attack of 15 deg was used. Fully separated flow on the suction side extended well beyond the airfoil with naturally shed vortices occurring at a Strouhal number of 0.19. Plasma actuation was evaluated at both the aerodynamic leading and trailing edges of the airfoil. Excitation at very low (impulse excitation) to moderate (∼0.4) Strouhal numbers at the aerodynamic leading edge generated organized coherent structures in the shear layer over the separated region with a shedding Strouhal number corresponding to that of the excitation, which caused changes in the size of the wake, the separation area, lift, and drag. Excitation at higher Strouhal numbers resulted in weaker naturally shed vortices (rather than generating new vortices) that diffused quickly in the wake. The excitation caused the wake to elongate slightly and skew toward the aerodynamic trailing edge, but it still reduced the separation area and significantly reduced drag. The primary mechanism of control at the aerodynamic leading edge is excitation of instabilities associated with the leading-edge vortices; the excitation generates coherent large-scale structures over a range of excitation frequencies, increasing their entrainment abilities to bring high-momentum fluid into the separation region to reduce the separation size and increase the lift. On the other hand, excitation over a broad range of frequencies at the aerodynamic trailing edge was found to significantly reduce organization of the naturally shed large-scale wake structures. 
OTORCRAFT have a unique place in the aeronautics enterprise because of their vertical takeoff and landing, as well as hover capabilities, that allow them unprecedented access to locations physically inaccessible to fixed-wing aircraft. However, rotorcraft have a fundamentally limited forward-flight speed. A traditional helicopter typically uses a large rotor atop the aircraft that is responsible for both lift and thrust. The rotor faces two major issues during forward flight: compressibility effects and dynamic blade stall. Forward flight increases the rotor's relative speed on the advancing blade side and decreases it on the retreating blade side. On the advancing blade side, the maximum rotor tip speed is typically constrained to Mach 0.85 to avoid compressibility effects [1] . On the retreating blade side, a more aggressive angle of attack is required to balance lift and prevent roll, which could lead to retreating blade stall [2] . The combination of these two effects limits the maximum achievable forward-flight speed.
Slowed-rotor compound vehicles overcome the forward-flight limitation by adding an auxiliary form of propulsion, such as a pusher fan, and short wings for increased lift [3] . Two examples of such compound vehicles are the Sikorsky X2 [4] and the Eurocopter X3 [5, 6] . The addition of a pusher fan, for example, relieves the main rotor of some or all thrust responsibilities and, similarly, the wing area provides supplemental lift during cruise. Thus, the rotor may spin more slowly, allowing for increased maximum forward velocity of the vehicle. The simultaneous increase in forward speed and decrease in rotor speed introduce a new issue: a significant portion of the retreating blade side becomes immersed in reverse flow, creating a wake and a large wake drag penalty is incurred [7] . The present work seeks to understand the relevant flow physics and to explore flow control potential in such flows. The symmetric NACA 0015 airfoil, not typical of those used in rotorcraft, was used for simplification of an otherwise very complex problem.
Flow control is achieved using nanosecond (NS) dielectric-barrierdischarge (DBD) plasma actuators. These actuators are surfacemounted devices composed of two electrodes separated by a dielectric barrier. The actuators use an input signal of periodic pulses that are high voltage and short duration, resulting in rapid plasma formation. Unlike the more widely studied alternating-current (AC) DBD actuators, NS-DBDs exert a negligible body force on the flow [8] . Instead, rapid heating results in thermal and subsequent pressure perturbations that are capable of exciting flow instabilities [8] , in a manner similar to that of another class of plasma actuators called localized arc filament plasma actuators [9] . NS-DBDs have been proven as an effective control technique for leading-edge blade stall, even at high speeds (typical aircraft takeoff and landing speed) [10] .
II. Experimental Methods
Experiments were performed in the recirculating wind tunnel located at the Gas Dynamics and Turbulence Laboratory, within the Aerospace Research Center at The Ohio State University [8, 10] . The tunnel has an optically clear acrylic test section measuring 61 × 61 cm (2 × 2 ft) in cross section and is 1.22 m (4 ft) in length. A NACA 0015 airfoil was used for this initial study, even though it is not typically an airfoil used in a rotorcraft, in order to simplify the problem. The airfoil has a 203 mm (8 in.) chord and spans the test section between two acrylic disks. The disks are able to rotate continuously, allowing for any angle-of-attack setting. However, the edges of each disk obstruct visual access, corrupting optical diagnostics [such as particle image velocimetry (PIV)] in a circular arc. The tunnel is capable of producing a continuous range of flow velocities from 3 to 95 m∕s. The corresponding Reynolds numbers based on chord length (Re u ∞ c∕ν) are 0.04 · 10 6 -1.2 · 10 6 . The angle of attack considered here was 15 deg at a Reynolds number of 0.50 · 10 6 .
Two coordinate systems are used throughout this paper. Both coordinate systems have their origin at the aerodynamic trailing edge (ATE), as shown in Fig. 1 . The first system is a straight line along the chord line normalized by the chord length, denoted x∕c, where positive coordinates indicate the aerodynamic suction side and negative coordinates indicate the aerodynamic pressure side. This system is in the airfoil reference frame and is used to indicate onboard instrumentation, actuators, and the flow separation line. The second system is a two-dimensional grid aligned with the test section and normalized by equivalent diameter, denoted as x∕D and y∕D. This system is in the test section reference frame and is used to indicate other instrumentation, such as microphone locations (indicated by points A, B, and C in Fig. 1 ) and velocity data. The variable D was chosen, since the flow behind the airfoil at α 0 deg is similar to the wake of a bluff body of diameter D.
Four actuators were placed symmetrically on the airfoil: one on the top surface, and one on the bottom surface at both the aerodynamic leading edge (ALE) and ATE. Each actuator was constructed of two 0.09-mm-thick copper tape electrodes; the exposed high-voltage electrode was 6.35 mm (0.25 in.) wide, and the covered ground electrode was 12.70 mm (0.50 in.) wide. The dielectric layer was composed of three layers of Kapton tape: each 0.09 mm thick with a dielectric strength of 10 kV. The total thickness of each actuator was a mere 0.45 mm. The ATE actuator junctions were located at x∕c 0.070, as indicated by the rightmost star in Fig. 1 , with the plasma formation regions extending to x∕c 0.133. ATE placement was chosen based on oilflow visualization, which showed flow separation at x∕c 0.055 at α 0 deg. The ALE electrode junctions were located at x∕c 0.945, as indicated by the leftmost star in Fig. 1 , with the plasma formation regions extending to x∕c 1.00. There was a slight overlap between the two covered electrodes at the ALE where the edges of the electrodes meet at the sharp end of the airfoil. This placement was chosen, as it was the furthest upstream position possible without changing the electrode geometry (i.e., using a narrower covered electrode). The symmetric installation of actuators allowed for instrumentation on either side of the wake by inverting the angle of attack.
A two-component particle image velocimetry was the primary diagnostic technique. PIV is a quantitative technique that enables the mapping of the velocity and vorticity fields. Ensemble averaging of the instantaneous images provides a view of the time-averaged flow over the airfoil and in its wake. PIV data were acquired for both the flow over the suction side of the airfoil and behind the ATE. Maps of both normalized streamwise velocity (u u∕u ∞ ) and normalized vorticity (ω ∇ × U∕u ∞ ) are shown to characterize the flow. The streamwise and vertical axes are normalized by the equivalent diameter: D 30.5 mm.
A Brüel and Kjaer (B&K) 1∕4 in: microphone (model 4939) and preamplifier (model 2670) were used with a B&K NEXUS signal conditioner (model 2690) to acquire time-accurate pressure data. The microphone circuitry was found to have robust resistance to electromagnetic interference from the actuators. The microphone voltage was bandpass filtered between 20 and 100 kHz (resulting in effectively unfiltered data for the frequencies of interest) and acquired using a National Instruments PCI-6143 analog input board with LabVIEW software. The frequency response of the microphone is flat up to 40 kHz with grid cap installed. For each experimental case, data were collected in 60 blocks of 16,384 samples, each at a sampling rate of 10 kHz. The power spectral density (PSD) was calculated for each block; then the collection of PSDs were ensemble averaged; and finally, the average was converted to decibels using a reference pressure of 20 μPa. Strouhal numbers were calculated using the blockage height of the airfoil (St fc 0 ∕u ∞ ) as done by Breuer and Jovičić [11] . The blockage height was found by projecting the airfoil profile onto a flow-normal plane. The blockage height was c 0 59.0 mm at α 15 deg. Pressure spectra were collected for the shear layers forming at both the ATE and the ALE. Both baseline and excited flow pressure spectra were collected.
The excitation effects and mechanism were explored using phaselocked PIV. Instantaneous images were captured similar to baseline PIV, but they were synchronized with specific phases throughout the excitation period and then phase averaged. The phases considered here were ϕ 0, 90, 180, and 270 deg. The delay between the trigger signal and plasma formation was corrected such that plasma formation occurred at 0 deg. Normalized swirling strength (λ ci λ ci c 0 ∕u ∞ ) was used as the vortex identification technique, as detailed by Adrian et al. [12] .
An alternate phase-locking method that synchronized with the shedding of vortices from ATE or ALE, rather than plasma formation was also employed. A Brüel and Kjaer model 4939 microphone and a Nexus 2690 signal conditioner were used, as previously stated, in conjunction with in-house software to provide a trigger signal based on vortex-shedding events. The software acquires real-time pressure data, applies a first-order Butterworth bandpass filter about the shedding frequency, and outputs a square-wave trigger on a rising edge. A conditional average based on covariance was used in post- processing to filter out spurious trigger events. This method allows the naturally shed large-scale structures to be captured when excitation exceeds the shedding frequency and allows a phase-locked baseline to be acquired.
Static pressure measurements on the airfoil surface were acquired using three Scanivalve digital pressure sensor arrays. The pressure coefficient [C p p − p ∞ ∕q ∞ ] was averaged over 100 samples acquired at 1 Hz near the centerline, where p is the static pressure, p ∞ is the freestream static pressure, and q ∞ is the freestream dynamic pressure. The sectional lift coefficient C L , drag coefficient C D , and pitching moment coefficient at quarter-chord C M were calculated using the line integrals about the surface of the airfoil as in Eqs. (1-3), where θ is the surface-normal angle and ds is the arc length:
III. Results and Discussion
Ensemble-averaged baseline PIV images and pressure spectra were recorded at α 0 deg but are not included here. At this angle of attack, the flow behind the airfoil is effectively a bluff-body wake flow. The wake is narrow with a small region of recirculating flow and symmetric regions of high vorticity on either side, similar to that of a flow behind a cylinder [13] . The two regions of vorticity are opposite in sign and decrease in strength as they diffuse downstream. The fundamental shedding Strouhal number is 0.12. The Reynolds number of 0.50 · 10 6 used in the present experiment corresponds to a transitional regime, and the shedding Strouhal number is sensitive to geometry and flow conditions; thus, there are significant variations in the shedding Strouhal number found in the literature [14] . Further details can be found in work by Clifford et al. [15] . Only the results for α 15 deg baseline and forced cases will be presented and discussed in this paper.
Ensemble-averaged α 15 deg baseline PIV images are shown in Fig. 2 . Two sets of PIV images, one covering the flow over the airfoil and the other the wake region, were obtained. The ensembleaveraged baseline and ALE excitation (ensemble-and phaseaveraged) cases have had the velocity fields over the airfoil and in the wake stitched together at x∕D 0. The white line in Fig. 2 is an isocontour of u 0 and serves as an approximate outline of the zone with negative velocities. The circular arc is the edge of an acrylic disk used to mount the airfoil. Separated flow on the suction side of the airfoil begins just past the ALE and extends well beyond the airfoil. The flowfield resembles flow past a flat plate at Re 0.020 · 10 6 and α 18 deg [11] . A free shear layer forms on both ends of the airfoil: a long and narrow shear layer on the suction side and a much wider shear layer at the ATE. Both the velocity and the vorticity behind the airfoil are highly asymmetric, similar to those of an inclined flat plate [11] .
Pressure spectra were obtained to investigate vortex-shedding frequency from both the ALE and ATE. The vorticity map shown in Fig. 2b was used to determine suitable microphone locations. Microphone locations A and B are one diameter away (up/down) and one diameter downstream from the ATE and ALE of the airfoil, respectively. Location C is at the same streamwise location as A but on the opposite side of the wake. Although the microphone was placed outside of the shear layer in each case, the positioning was close enough that the spectra were predominately hydrodynamic in nature. The resultant pressure spectra are shown in Fig. 3 ; note that the spectra are ordered A-C-B. Each spectrum is shifted by 20 dB for clarity. Spectra obtained at locations A and C are very similar: a large narrowband peak corresponding to the fundamental shedding frequency occurs at St 0.19 with a smaller harmonic at St 0.38. The spectra are nearly uniform below the shedding frequency; above the shedding frequency, they decay at 30 dB/decade at location A and 25 dB/decade at location C. The spectrum at location C also has a small peak at St 0.33. The spectrum at location B has the same narrowband peak at the fundamental shedding frequency of St 0.19 but no notable harmonic. Instead, there are small peaks at St 0.33 (similar to that from location C), 0.44, and 0.66. The sources of these peaks are not clear at this time. In addition, there is a broadband peak around St 0.07 that may correspond to unsteady motion of a potential small laminar separation bubble near the aerodynamic leading edge [16, 17] .
Swirling strength, used for identification of vortices, is shown in Fig. 4 for the baseline case. The phase-averaged baseline and ATE excitation cases were captured with a camera arrangement that effectively avoids corruption due to the acrylic mounting disk and will be discussed later. Vortices from the ATE grow rapidly and synchronize with those from the ALE, creating a von Kármán vortex street in the wake. The vortex street is asymmetric, with the vortices from the ALE being weaker and more elongated than those from the ATE due to their added diffusion. Figure 4 therefore illustrates the efficacy of the pressure-based phase locking technique by capturing the natural shedding. 
CLIFFORD, SINGHAL, AND SAMIMY
The surface pressure distribution is shown in Fig. 5 for the baseline case, before the actuators were installed. The crosses represent data that are in the baseline measurement but absent from excited cases due to the installation of actuators. The ALE actuators did not cover any pressure taps. The presence of the actuators has a negligible impact on the static pressure values (except those taps that are physically covered) due to their low profile construction. On the suction side of the airfoil, the pressure coefficient is relatively constant between jx∕cj 1.0 and 0.15, indicating a large separated region. On the pressure side of the airfoil, the pressure coefficient exhibits a linear decrease as the flow accelerates across the ramplike surface. Near the ATE, the pressure coefficient adjusts as the flow curves around the blunt edge of the airfoil.
Representative discharge characteristics were acquired for a 560-mm-long actuator driven at St F 0.16. The voltage and current traces shown in Fig. 6a were acquired simultaneously and ensembleaveraged over 256 discharge pulses. The instantaneous power and time-resolved coupled pulse energy are shown in Fig. 6b . The peak voltage and current were approximately 8 kV and 27 A, respectively. A peak power of 180 kW was discharged, but due to the short pulse width, steady-state energy consumption was just 3 mJ per pulse. For the frequencies considered here (less than 2 kHz), this corresponds to time-averaged power of less than 6 W.
A. Aerodynamic Leading-Edge Excitation
To evaluate the effect of excitation at the ALE, the suction-side actuator near the ALE with an electrode junction at x∕c 0.95 was used. In this configuration, plasma formation occurred just downstream of the shear layer origin.
Excitation was performed using the ALE actuator on the suction side at six excitation Strouhal numbers between St F 0.03 and 1.08, but three representative cases are presented here. The ensembleaveraged streamwise velocities of each excited case are shown in Figs. 7b-7d and may be compared with the baseline case in Fig. 7a . The fractional change in separation area from baseline for all cases is shown in Fig. 8 along with the fractional change in coefficients of lift, drag, and moment, which will be discussed later in the paper.
The streamwise velocity image shown in Fig. 7b for an excitation Strouhal number of St F 0.03 shows the wake slightly widens and the separation extent decreases. The separation area shows a 6% reduction from that of the baseline. Although both effects are relatively small, they are statistically significant. This is surprising, considering that the excitation Strouhal number in this case is an order of magnitude less than the shedding Strouhal number, and it shows that the flow responds to excitation over a large range of excitation frequencies. Note that the time-averaged heating by the actuator was too small to have noticeable influence on the flow. The actuator energy was about 3 mJ per pulse (see Fig. 6 ); this was a timeaveraged power of 60 mW for St F 0.03, or less than 0.01% of the flow power through the test section height of c 0 (airfoil blockage height). In addition, phase-averaged PIV measurements, which will be shown and discussed later, will confirm that the flow responded to the excitation. The streamwise velocity image is shown in Fig. 7c for an excitation Strouhal number of St F 0.15. Although the St F 0.19 case was investigated, the St F 0.15 case was found to be most significant, so it is presented instead. Although the wake widens, the separation extent significantly decreases. With the excitation, the separation region extends only to x∕D 0.8 (if corruption due to the acrylic disk is ignored) compared to 2.5 in the baseline case. Furthermore, the separation area is reduced by 39% from baseline. Control at St F 0.15 excites the shear layer over the separation region, making the large-scale structures more coherent and enhancing their entrainment capabilities, and thus reducing the separation region but widening the wake.
The streamwise velocity image shown in Fig. 7d for an excitation Strouhal number of St F 1.08 shows the wake widened some, and the separation is skewed toward the ATE. The separation was slightly stretched to x∕D 2.6 compared to 2.5 in the baseline case, and the end of separation moved from y∕D −0.96 to −0.61. The separation area is reduced by 23%. Again, the results show that the flow responds to excitation over a large range of excitation frequencies, and since the time-averaged heating power of this case is over seven times higher than that of the St F 0.15 case, the effect is clearly due to the excitation of instabilities rather than heating.
The pressure spectra at location C (see Fig. 1 ) of both baseline (annotated 0.00) and excited cases are shown in Fig. 9 . Each spectrum is shifted by 10 dB for clarity. Eighteen excitation Strouhal numbers between St F 0.03 and 1.89 were tested, but seven representative cases are presented here. The results reveal that excitation at all moderate excitation frequencies eliminates the fundamental peak (and its harmonic). Excitation at Strouhal numbers between St F 0.08 and 0.38 displays the same characteristic rolloff as the baseline case. Excitation at St F 0.16 introduces a broadband peak at St 0.08, which is not present with excitation at St F 0.08, and is possibly an indication that unsteady motion of a laminar separation bubble near the ALE has been enhanced. Excitation at St F 0.19 and 0.22 increases the sound pressure level (SPL) over a broad range below the excitation Strouhal number. Excitation at St F 0.87 has characteristic rolloff only, which is an indication of a broadband peak around the natural shedding frequency, and no actuator tone or harmonics are present. Excitation at St F 1.89 results in a spectrum that begins resembling the baseline case again. Since the actuators generate a tone at the forcing frequency (and its harmonics) at moderate excitation frequencies, it is not clear from these spectra whether the excitations generate shedding at the excitation frequencies or not. This will become clear from the phase-averaged PIV results shown in Fig. 10 .
Phase-averaged swirling strength images with ALE excitation are shown in Fig. 10 , gathered using an actuator-based trigger signal. The phase presented here is ϕ 90 deg, because it contains the most clearly identifiable vortex pattern in the wake. The other phases were similar in appearance, with the vortices at different locations in their convective path. All of the ALE excitation cases exhibit coherent structures over the separation, with structure size and separation distance between the structures dependent on the excitation Strouhal number. Excitation at low Strouhal numbers (St F 0.03 and 0.08) created large coherent structures with correspondingly large separation between them. Excitation at low Strouhal numbers produced an impulse response: the flow resumed its natural state after approximately 20 ms for the St F 0.03 case and 10 ms for the St F 0.08 case. For comparison, the convective time along the chord of the airfoil was approximately 8 ms. Further information on impulse response can be found in work by Sinha et al. [18] . Excitation at moderate Strouhal numbers (St F 0.16 and 0.19) resulted in moderately sized coherent structures that convected far downstream. For all the above cases, the two shear layers maintained their interlocking synchronization. Excitation at high Strouhal numbers (St F 0.88 and 1.12) resulted in structures similar in size and separation distance to the moderate excitation, but with no synchronization of the shear layers; these structures appeared to quickly diffuse in the wake. The response of the flow to the excitation was strongest when the excitation Strouhal number near the natural shedding Strouhal number of 0.19. The reason for the similarity of the structures size and separation distance for the excitation at St F 0.88 (five times 0.176) and 1.12 (seven times 0.16) to those of St F 0.19 or 0.16 is not quite clear at this time. A plausible explanation is that the flow cannot respond to these high-frequency excitations and, as a result, the flow gets back to its natural shedding state, but with weaker structures.
These results confirm that the flow responds to the excitation over a large range of excitation Strouhal numbers. Over low-to-moderate excitation Strouhal numbers, the shedding occurs at the excitation Strouhal number, and the size and spacing of the structures commensurate with the excitation. The coherent structures entrain high-momentum flow into the separation region, reducing it as shown in Figs. 7 and 8 , similar to the leading-edge excitation done with NSDBDs on a conventionally oriented airfoil [8, 10, 19, 20] .
Surface pressure curves are shown in Fig. 11 for the baseline case and excitation Strouhal numbers of 0.03, 0.16, and 1.13. On the pressure side of the airfoil, excitation at St F 0.03 and 1.13 causes a relatively small change to the pressure coefficient, whereas excitation at St F 0.16 shows a more significant uniform increase. On the suction side, the peak magnitude of the pressure coefficient has increased at all excitation Strouhal numbers. For the baseline case, the suction-side pressure coefficient is relatively constant between jx∕cj 1.0 and 0.15, indicating a large separated region. Excitation at St F 0.03 causes a moderate increase in suction amount between jx∕cj 1.0 and 0.4, with a similar level decrease between jx∕cj 0.4 and 0. Excitation at St F 0.16 has a similar trend but with a significant increase in suction. As with the ensemble-averaged PIV data, this suggests that ALE excitation enhances shear layer entrainment, bringing high-momentum fluid into the separation region and reducing its overall size. Excitation at St F 1.13 caused an increase in the pressure coefficient between jx∕cj 1.0 and 0.55, but it is followed by a decrease between jx∕cj 0.55 and 0. The shape seems to indicate that the separation region has been greatly reduced, but the magnitude suggests that the amount of lowmomentum fluid is similar to the baseline. The ensemble-averaged PIV data for this case showed a reduction in separation area by a stretching and thinning of the isocontour.
Lift, drag, and moment coefficients, calculated using Eqs. (1-3) , are shown in Fig. 8 alongside the change in separation area. The complete C p distribution cannot be obtained, since the installation of actuators covers some of the static pressure taps (as shown in Fig. 5 ) and the spatial resolution at the ALE is rather poor, since the airfoil was designed to be oriented in the opposite direction; consequently, the C L measurements serve only as an estimate. All excitation Strouhal numbers decreased the drag coefficient by at least 8%, with the best case (St F 1.13) decreasing the drag coefficient by 28%. Excitation increased lift at moderate excitation Strouhal numbers, with the best case (St F 0.19) increasing lift by 42%. At either extreme, excitation increased the lift coefficient by a minimal amount. If this were a typical case, the best excitation Strouhal number would be near St F 0.19, which would increase the lift by 42% and reduce the drag by 20%. However, in the current orientation of the airfoil, which is representative of a rotor on the inboard portion of the retreating blade side as portrayed in Fig. 1 , lift is actually a downward force. In this instance, it is desirable to minimize the lift and drag; thus, excitation near St F 1.13 would result in a minimal increase in "lift" (by about 4%) and a significant decrease in drag (by about 28%). However, in some other application, it may be desirable to increase lift, and thus excite the flow near St F 0.19.
B. Aerodynamic Trailing-Edge Excitation
To evaluate the effect of excitation at the ATE, the pressure-side actuator near the ATE with an electrode junction at x∕c −0.07 was used. In this configuration, plasma formation occurred just upstream of the separation line.
Ensemble-averaged streamwise velocity data, similar to that shown in Fig. 7 , were captured using ATE excitation on the pressure side at seven excitation Strouhal numbers from St F 0.03 to 1.28, and they will be summarized here. At low excitation Strouhal numbers (St F 0.03 and 0.08), the wake widened slightly and the separation extent increased; although both effects were relatively small, they were statistically significant. Excitation at a Strouhal number of St F 0.19 had a modest effect: the separation region extended to x∕D 1.8, compared to 2.3 in the baseline case, and the separation area was reduced by 4% from that of the baseline. At high excitation Strouhal numbers, the wake region became wider with lower momentum near the center, indicating reduced mixing. At St F 1.28, the separation extended to x∕D 2.9 compared to 2.3 in the baseline, and the separation area was increased by 21% from the baseline.
The pressure spectra at location C (see Fig. 1 ) of both the baseline (annotated 0.00) and forced cases are shown in Fig. 12 . Each spectrum is shifted by 10 dB for clarity. Fifteen excitation Strouhal numbers between St F 0.03 and 2.87 were tested, but 11 representative cases are presented here. In the baseline case, the dominant peak is at St 0.19 with a harmonic at St 0.38. The actuator tone and the natural shedding at St 0.19 appear in all excited cases, but with smaller and wider shedding peak at higher frequencies; the peak is nearly eliminated at St F 1.28 and is back nearly similar to that of the baseline case at St F 1.60. Excitation at St F 0.19 produces a spectrum similar to that of the baseline, but it is more refined with little variation in the natural shedding and its harmonic.
Phase-averaged swirling strength is shown in Fig. 13 for excitation Strouhal numbers of St F 0.19, 0.48, 0.64, and 1.28, which are gathered using an actuator-based trigger signal. All ATE excited cases used a two-camera PIV setup that allowed for the simultaneous capture of the flow near the airfoil and in the wake region, without the obstruction of the acrylic mounting disk; the two vector fields (one from each camera) were seamlessly blended using DaVis software before any averaging was performed. The phase presented here is ϕ 90 deg. Despite the ATE location of the plasma excitation, there is clearly an influence upon the formation of the structures in the upstream shear layer over the separated region: as the excitation frequency increases, the structures in the shear layer over the separated region become more closely spaced, which means the natural shedding process is modified. With an excitation frequency greater than the natural shedding frequency, there is a loss of phase information in the wake region, making it impossible to discern structures in the wake. Spectral results in Fig. 12 indicate that pressure fluctuations in the wake region remain dominated by the natural shedding frequency.
To observe the vorticity in the wake, the PIV system was synchronized with the natural structure shedding. In the first attempt, the microphone at location A in Fig. 1 was used for this phase locking. Pressure fluctuations were acquired and translated into trigger signals in real time. Due to the high amplitude of the noise from the nearby actuators relative to that of the signal from natural structures, the pressure signal was adversely affected by excitation despite the use of a bandpass filter. Therefore, the microphone was repositioned at location B in Fig. 1 . Due to the sensitivity of the pressure-based phase-locking technique, a conditional average was employed to filter out spurious trigger events.
Swirling strength images with ATE excitation are shown in Fig. 14 . Figure 14a shows the image for an excitation Strouhal number of St F 0.19, which matches the natural shedding Strouhal number. Compared with the baseline case, the vortices are nearly identical in size and location, but they are slightly stronger; this agrees with the shedding refinement observed in the spectra of Fig. 12 . As the excitation Strouhal number increases, there are two major changes that occur in the swirling strength. The large structure over the separated region loses coherence, becoming less intense, indicating a loss of phase information. This corresponds to the alteration of the ALE shear layer observed in Fig. 13 . In the wake, the structures maintain their relative size and location, but they are less intense. These results indicate that ATE excitation at the natural shedding frequency reinforces the natural shedding, whereas ATE excitation at frequencies higher than the natural shedding frequency disrupt the natural shedding process, weakening the naturally shed structures.
Surface pressure curves are shown in Fig. 15 for the baseline case and excitation Strouhal numbers of 0.19, 0.48, and 1.26. On the pressure side of the airfoil, excitation at St F 0.19 causes a relatively small change to the pressure coefficient, whereas other excitation Strouhal numbers have no effect. On the suction side, excitation alters both the magnitude and shape of the pressure Fig. 12 Pressure spectra in the wake with ATE excitation captured at location C. 
C. Discussion of Results
Two different types of excitation were tested: excitation at the ATE, which directly influences the shear layer that leads to the wake of the airfoil; and excitation at the ALE, which directly influences the shear layer over the separated region over the airfoil.
He et al. [21] investigated leading-and trailing-edge flow control using AC-DBD actuators in both steady and unsteady manners on a (conventionally oriented) NACA 0015 airfoil at Re 0.217 · 10 6 and 0.307 · 10 6 . It is important to acknowledge that the mechanism behind AC-DBD excitation, which imposes a body force on the nearwall fluid, and thus functions via momentum addition, differs fundamentally from NS-DBD excitation, which generates thermal perturbations capable of exciting instabilities [8] . Nonetheless, their findings with regard to unsteady excitation are still relevant. At the leading edge, unsteady excitation resulted in the production of coherent vortical structures over the separated region [21] , similar in nature to those of many others using plasma [8, 10, 19, 20] and synthetic jets [22] [23] [24] . Similar spanwise vortical structures are shown with the ALE excitation in Fig. 10 in the present work. However, since the NS-DBD excitation at the leading edge excites natural flow instabilities to generate coherent spanwise vortices, the size and separation of the vortices are dependent on the excitation Strouhal number, as shown in Fig. 10 . The flow responds to the excitation over a large range of Strouhal numbers. Even at low excitation Strouhal numbers, actuation causes the creation of coherent structures that convect downstream before the natural flow structure generation resumes. The mechanism responsible for this instability excitation is rapid joule heating that creates nominally two-dimensional compression waves (both planar and cylindrical) [8] .
He et al. [21] found no indication that unsteady forcing at the trailing edge would be beneficial. However, the findings of Breuer and Jovičić [11] indicated that the flow past an inclined flat plate at Re 0.020 · 10 6 and α 18 deg is strongly dominated by the behavior of the trailing-edge vortex. Thus, adequate control of the trailing-edge vortex would influence the entire flowfield. Although the Reynolds number of the current work is much greater, the results shown in Figs. 13 and 14 demonstrate that ATE excitation had a direct influence upon both the ALE and ATE shear layers. The exact nature of the upstream communication is difficult to discern, as there are two likely candidates. The first and more probable candidate is that the perturbations from the ATE actuation could travel upstream toward the ALE shear layer origin via the separated region, thus exciting instabilities at the ALE but at reduced effectiveness due to the great distance between excitation and receptivity locations. Alternatively, the alteration of the vortex formation at the ALE could come from the coupled nature of the shear layers: ATE excitation influences the ATE shear layer, which communicates to the wake region of the ALE shear layer, which then communicates upstream to the ALE shear layer origin. Plogmann et al. [25] confirmed experimentally the existence of a global feedback loop in the wake of an airfoil at angle of attack. The feedback loop was found to be dominated by the boundary-layer characteristics on the pressure side of the airfoil [25] . ATE excitation, which is on the pressure side of the airfoil, could therefore act as a boundary-layer trip influencing the global feedback of the system.
IV. Conclusions
Experiments were performed using NS-DBDs on a NACA 0015 airfoil installed in a recirculating wind tunnel such that the flow was fully reversed. A 15 deg angle of attack at a Reynolds number of 0.50 · 10 6 was selected for detailed investigation. Fully separated flow on the suction side extended well beyond the airfoil with highly asymmetric velocity and vorticity fields, as well as a shedding Strouhal number of 0.19 with a harmonic at 0.38.
Plasma actuation at the ALE generated organized coherent structures in the shear layer over the separated region, which convected into the wake region and caused a slight widening of the wake and a reduction of the separation area. Excitation around St F 0.19, the natural shedding frequency, had the most significant effects: creating moderately sized structures that convected far downstream, reducing the separation area by 37%, increasing lift by 42%, and decreasing drag by 20%. Excitation at much higher Strouhal numbers resulted in the flow returning to its natural shedding state but with less coherent structures that diffused in the wake, elongating the wake slightly and skewing it toward the ATE but still reducing the separation area and also significantly reducing drag. With excitation at the ALE, large-scale structures in the shear layer over the separated zone become more coherent and increase their entrainment abilities to bring high-momentum fluid into the separation region, thus reducing the separation region and affecting the lift and drag.
Plasma actuation at the ATE caused a reduction in the magnitude of the fundamental and harmonic peaks in pressure spectra over a broad range of excitation Strouhal numbers. PIV was acquired using both plasma actuation and structure shedding as a trigger event. Phase-locked data in the baseline case were acquired using a filtered pressure signal as a trigger, showing a clearly visible von Kármán vortex street. Excitation at the ATE altered the structures over the separated region, suggesting an upstream communication in the separated region. At excitation frequencies higher than the natural shedding frequency, the natural shedding process was disrupted, weakening the naturally shed structures in the wake.
